I describe two new searches for sterile neutrino oscillations from the MINOS and Daya Bay experiments. MINOS looked for evidence through muon neutrino disappearance with data collected from the NuMI neutrino beam. Daya Bay searched for evidence through electron antineutrino disappearance using data collected from nuclear reactors. I explain how the MINOS and Daya Bay searches were combined to produce constraints on the same phase space as LSND and MiniBooNE. Finally, I present the status of the sterile neutrino search using data from MINOS+.
Introduction
The mixing of three neutrino states is experimentally well established. 1 This mixing is described by the 3×3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix 2,3,4 which can be parameterized 5 by three mixing angles θ 12 , θ 23 , θ 13 , and a CP violating phase δ. The oscillation probabilities can be expressed such that they additionally depend on two mass-squared differences ∆m 2 21 and ∆m 2 32 where ∆m 2 ij = m 2 i −m 2 j . However, there are several anomalies 6, 7, 8, 9, 10 that suggest a masssplitting inconsistent with those measured assuming the three-flavor paradigm. In particular, the Liquid Scintillator Neutrino Detector (LSND) 9 and MiniBooNE 10 short-baseline neutrino oscillation experiments observed an excess of ν e events from a ν µ beam. Furthermore, results from LEP are consistent with only three light active neutrinos coupled to the Z 0 boson based on its invisible decay width. 11 Thus, one way to address these anomalies is to use a model with three active neutrinos plus one sterile neutrino that does not interact via the weak force. This "3 + 1" model extends the PMNS matrix by adding one new flavor eigenstate and one new mass eigenstate. The mixing terms can then be parameterized 5 such that, in addition to the original three-flavor parameters, there are three new mixing angles θ 14 , θ 24 , θ 34 and two new CP violating phases δ 14 and δ 24 with δ ≡ δ 13 . The oscillation probabilities then require one new mass-squared difference, commonly ∆m 2 41 .
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2 The MINOS Experiment MINOS was an on-axis long-baseline neutrino oscillation experiment that was exposed to the the NuMI neutrino beam from Fermilab. It used a near detector (ND) with a mass of 0.98 kt located 1.04 km from the NuMI target and a far detector (FD) with a mass of 5.4 kt located 735 km from the target. These detectors were functionally equivalent magnetized steel-scintillator, trackingsampling calorimeters. The detectors consisted of alternating planes of 2.54 cm thick steel plates and 1 cm thick polystyrene-based scintillator strips. Each detector was magnetized by a coil that ran parallel to the length of the detector. The magnetic field allowed the MINOS detectors to distinguish between ν µ and ν µ charged-current (CC) interactions based on the curvature of the resulting muon. 12 The NuMI beam is produced by colliding 120 GeV protons into a graphite target. The resulting pions and kaons are then focused by two magnetic horns into a decay pipe. The magnetic horns allow the beam to be operated in either a ν µ or ν µ mode. MINOS and MINOS+ collected 11 years of beam data from 2005 to 2016 using the MINOS detectors. The neutrino flux peaked at 3 GeV for MINOS and 7 GeV for MINOS+. In June 2016 the NuMI beam achieved a beam power of 700 kW making it the most powerful neutrino beamline. 13 3 The MINOS 3 + 1 Sterile Neutrino Analysis MINOS has made precision measurements of the three-flavor atmospheric oscillation parameters ∆m 2 32 and θ 23 . 14 For the 3 + 1 model, MINOS is sensitive to ∆m 2 41 , θ 24 , and θ 34 through muon neutrino disappearance. This analysis studied muon neutrino disappearance using CC and neutral-current (NC) interactions. The sensitivity of MINOS can be illustrated by considering the leading order approximations for the probabilities associated with the analysis channels in this model. The ν µ survival probability is measured with CC interactions and can be written:
where ∆ ij = (∆m 2 ij L/4E), L is the distance traveled by the neutrino, and E is the neutrino energy. Equation 1 shows that the CC channel is sensitive to θ 24 . The addition of a sterile neutrino allows there to be disappearance of NC events expressed as:
where c ij = cos θ ij and s ij = sin θ ij . The terms A and B are functions of the mixing angles and phases. To first order, A = s 2 34 sin 2 2θ 23 and B = 1 2 sin δ 24 s 24 sin 2θ 34 sin 2θ 23 . From Eq. 2, the NC channel is dependent on the parameters θ 24 , θ 34 , and δ 24 . However, the sensitivity is limited by poor neutrino-energy resolution due to the undetected outgoing neutrino, a lower event rate due to cross sections, and ν µ and ν e CC backgrounds. Although θ 14 appears in Eq. 2, an analysis of solar and reactor neutrino data yields the constraint sin 2 θ 14 < 0.041 at 90% C.L. 15 which is small enough to set θ 14 = 0 in this analysis.
Event Selection
The MINOS sterile analysis required the selection of samples of NC and CC ν µ events. This analysis selected events from a beam exposure of 10.56 × 10 20 protons on target (POT).
NC events have no flavor information and are characterized by a hadronic shower in the detector. These events were selected based on event topology by searching for interactions that induced activity spread over less than 47 steel-scintillator planes. If events had a reconstructed track, then the track was required to penetrate no more than five detector planes beyond the end of the hadronic shower. The NC selection had an efficiency of 79.9% for the ND and resulted in a sample with a purity of 58.9%, both estimated from Monte Carlo (MC) simulation. For the FD, assuming standard three-flavor oscillations, the efficiency of the selection was 87.6% and the sample purity was 61.3%.
CC ν µ events are characterized by a long muon track that is bending in the magnetic field of the detector and a hadronic shower near the interaction point. A k-nearest neighbor algorithm was developed to select these events based on muon track features resulting in a high purity sample. 16 The algorithm used four variables: the number of detector planes hit by the muon track, the average energy deposited per scintillator plane by the track, the track's transverse energy deposition profile, and the variation of the energy deposited along the muon track. Events were required to have failed the NC selection procedure to be included in the CC sample. The CC selection had an efficiency of 53.9% for the ND and produced a sample with a purity of 98.7%, both estimated from MC simulation. For the FD, assuming three-flavor oscillations, the corresponding efficiency was 84.6% and the purity was 99.1%.
Analysis Technique for the 3 + 1 Sterile Neutrino Model
The MINOS analysis used CC ν µ and NC events to look for perturbations on three-flavor oscillations. Figure 1 shows examples for different values of ∆m 2 41 and how they alter the oscillation probabilities in both channels at the MINOS detectors. 100 eV 2 an energy-dependent depletion of ν µ events would be seen at the ND with fast oscillations being averaged out at the FD. Then for ∆m 2 41 100 eV 2 oscillations occur upstream of the ND leading to event deficits in both detectors. The possibility for oscillations at the ND 17 means that the ND spectrum cannot be used to predict the FD spectrum as was traditionally done in MINOS oscillation analyses 18 . In order to be sensitive to oscillations at the ND, MINOS analyzed the ratio of the FD energy MINOS is also sensitive to steri disappearance of NC events [21-23 bottom panel of Fig. 1 , which w probability , θ 12 , θ 23 , and θ 13 from Ref. [1] . The dip in Pðν μ → ν μ Þ at 500 km=GeV is due to oscillations driven by Δm , θ12, θ23, and θ13 from the Particle Data Group 1 . The dip in P (νµ → νµ) at 500 km/GeV is due to oscillations driven by ∆m spectrum to the ND energy spectrum. The oscillated Far-over-Near MC energy spectrum ratio is then fit to the Far-over-Near data energy spectrum ratio.
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Fitting Procedure
The CC and NC spectra ratios were fit simultaneously using the exact oscillation probabilities to determine θ 23 , θ 24 , θ 34 , ∆m 2 32 , and ∆m 2 41 . MINOS is not sensitive to δ 13 , δ 14 , δ 24 , and θ 14 . Therefore, all were set to zero. The values sin 2 θ 12 = 0.307 and ∆m 2 21 = 7.54 × 10 −5 eV 2 were set based on a global fit to neutrino data 19 , and sin 2 θ 13 = 0.022 based on a weighted average of recent results from reactor experiments 20, 21, 22 . Figure 2 shows good agreement between the Far-over-Near ratios measured and predicted using a three-flavor hypothesis. The fit minimized the χ 2 function in Eq. 3 where x m is the observed ratio in bin m, µ m is the predicted ratio, and V is an N × N covariance matrix expressing the statistical and systematic uncertainties of the predicted ratio. The second term in Eq. 3 is a flux penalty term where X and M are the observed and predicted total number of events in the ND, and σ M is conservatively set to 50% of M based on measurements of the NuMI beam muon flux.
Systematic Uncertainties
The covariance matrix in Eq. 3 can be broken down into its component uncertainties as: Figure 3 shows the effect of incrementally adding the systematic uncertainties to the sensitivity. V stat contains the statistical uncertainty. V norm contains the uncertainty in the relative normalization of the CC and NC samples between the ND and FD which accounts for uncertainties in reconstruction efficiencies. V acc accounts for uncertainties on the acceptance and selection efficiency of the ND. This systematic uncertainty has the largest effect on the sensitivity as seen in Fig. 3 due to the fact that it is only for the ND and thus cannot be canceled out by the FD. These uncertainties were evaluated by varying event selection requirements in the data and MC simulation to probe known weaknesses in the simulation. As these requirements were varied, the total variations in the ND data to MC ratios were taken as systematic uncertainties on the Far-over-Near ratios. V NC accounts for the uncertainty on the procedure used to remove poorly reconstructed events from the NC sample. V other includes terms to account for all sources of uncertainty in neutrino interaction cross sections and the flux of neutrinos produced in the NuMI beam. 23 
MINOS 3 + 1 Model Limit
Since the MINOS best fit was consistent with three-flavor oscillations, the data can be used to set a muon neutrino disappearance limit. The limit was set by dividing the (sin 2 θ 24 , ∆m 2 41 ) plane into fine bins and minimizing Eq. 3 at each bin allowing ∆m 2 32 , θ 23 , and θ 34 to vary. The significance of the ∆χ 2 with respect to the global minimum was calculated using the FeldmanCousins method 24 . The resulting MINOS 90% C.L. 23 is shown in Fig. 4 . It excludes a sterile neutrino over six orders of magnitude in ∆m 2 41 and two orders of magnitude in sin 2 θ 24 . The MINOS limit is the best constraint below 0.1 eV 2 in this phase space. Below ∆m 2 41 = 10 −2 eV 2 there is an internal allowed region and a feature near ∆m 2 41 = 2 × 10 −3 eV 2 which are due to expected degenerate predictions with the three-flavor case.
MINOS, Daya Bay Combination
MINOS measured muon neutrino disappearance and thus can measure the matrix element |U µ4 | 2 . However, the LSND and MiniBooNE experiments measured muon neutrino to electron neutrino appearance and constrainted allowed values of sin 2 2θ µe which is defined by the matrix elements |U e4 | 2 and |U µ4 | 2 . Assuming CPT conservation, a muon neutrino disappearance measurement must be combined with an electron neutrino disappearance measurement, which can measure the matrix element |U e4 | 2 , in order to look at the same mixing angle as LSND and MiniBooNE. 
Daya Bay
To constrain the same phase space as LSND and MiniBooNE, the MINOS measurement was combined with the Daya Bay reactor neutrino experiment 32 . Daya Bay uses eight identical detectors to measure intense sources of neutrinos from six reactor cores with a total power of 17.4 GW th . The detectors are arranged with two at both near experimental halls and four at the far experimental hall. Daya Bay detects electron antineutrinos via inverse beta decay (IBD). The main volume of the Daya Bay detectors is linear alkylbenzene-based liquid scintillator doped with gadolinium which increases neutron capture. Daya Bay was designed to measure θ 13 and is responsible for the most precise measurement of electron antineutrino disappearance to date 33 .
Daya Bay Sterile Neutrino Fit and Limit
For this sterile neutrino search, Daya Bay analyzed IBD data from 217 days in a partial configuration using six detectors plus 404 days in the full configuration. This analysis used two different methods, referred to as method A and B, to fit the data. Method A used the energy spectra measured at the near halls to predict the far hall energy spectrum. The fit then minimized a χ 2 function. Method B simultaneously fit all of the spectra from the Daya Bay detectors using the predicted reactor flux constrained by the Huber 34 and Muller 35 models. For this method, the systematic uncertainty on the flux was increased from 2% to 5% to cover observed discrepancies with the predicted reactor neutrino spectrum. a Method B maximized a log-likelihood function complete with nuisance parameters for systematic uncertainties. Both methods used the exact oscillation probabilities to determine θ 13 , θ 14 , and ∆m 2 41 . For method A, the Feldman-Cousins procedure 24 was used to set limits while method B set limits using the CL s technique 37, 38, 39 . Daya Bay sets the most stringent limits for ∆m 2 41 0.2 eV 2 in sin 2 2θ 14 . Figure 5 shows the 95% C.L. from the Feldman-Cousins method 24 and the 95% CL s exclusion contour 37 . 40 Methods A and B provide consistent results as seen in Fig. 5 
lues for the three-neutrino and pectively. These p-values are ence of those two hypotheses. independently set for each o the data. The condition of et the CL s exclusion region at analysis method (method A or in sensitivity between the approaches is found to be dman-Cousins approach profine confidence intervals, but lves fitting a large amount of simulated data sets. Hence, it is used only for method A, which eliminates all of the nuisance parameters by utilizing a covariance matrix. In contrast, the CL s implementation is significantly less computationally intensive, and also provides an alternative for combining the results between multiple experiments [41, 42] . Accordingly, both the Feldman-Cousins limit from method A and the CL s limit from method B are presented in this work. Figure 3 shows the 95% confidence level contour from the Feldman-Cousins approach and the 95% CL s exclusion contour. Both contours are centered around the 95% CL expectation and are mostly contained within the AE1σ band constructed from simulated data sets with statistical and systematic fluctuations. The high-precision data at multiple baselines allow exclusion of a large section of (sin 2 2θ 14 , jΔm is due to the degeneracy between sin 2 2θ 14 and sin 2 2θ 13 . The fine structure of the data contours compared to the expectation originates from statistical fluctuations in the data.
In Fig. 3 , there is a slight difference between the CL contour from method A and the CL s contour from method B for jΔm 
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Combined Limit
MINOS and Daya Bay did a combined analysis using a common CL s method 37, 38 . Before combining with MINOS, the Daya Bay and Bugey-3 41 electron antineutrino disappearance measurements were combined taking into account correlated systematic uncertainties. Bugey-3 made measurements at shorter baselines than Daya Bay which provides increased sensitivity for ∆m 2 41 0.2 eV 2 . For the combination of MINOS and Daya Baya + Bugey-3, systematic uncertainties are taken to be uncorrelated. Figure 6 shows the combined 90% CL s exclusion contour 42 . The limit constrains sin 2 2θ µe over six orders of magnitude in ∆m 2 41 . This limit is the strongest constraint to date and excludes the sterile neutrino mixing phase space allowed by the LSND and MiniBooNE experiments for ∆m 2 41 < 0.8 eV 2 at a 95% CL s .
MINOS+
The increased intensity and beam energy of MINOS+ make it well-suited for sterile neutrino searches. MINOS+ is improving on MINOS with more data and an improved fit technique.
First Half of MINOS+ Data
The first two years of MINOS+ data represent a beam exposure of 5.80 × 10 20 POT. When these data are added to the MINOS dataset using the analysis described above there is a significant increase in the exclusion of sin 2 θ 24 for 10 −2 ∆m 2 41 2 eV 2 . This improvement is largely due to the increased beam energy of MINOS+ which provided more statistics at higher neutrino energies compared to MINOS. In Fig. 7 , the exclusion limit using MINOS and MINOS+ data is compared to the most recent MINOS limit 23 .
Two-Detector Fit Technique
The MINOS+ analysis is also being improved by fitting the spectra in both detectors simultaneously rather than fitting the ratios. In addition to being being less sensitive to oscillations upstream of the ND, the ratio technique had reduced sensitivity to oscillations at the ND as well as to deficits between the detectors due to the fact that the statistical uncertainty was dominated by the FD. The two-detector fit technique allows the analysis to take full advantage of the large statistics available at the ND and the shape information provided by the spectra from both detectors. For ∆m 2 41 5 eV 2 the sensitivity is improved by the ND statistics and the ability to compare the ND and FD spectra. These advantages significantly increase the sensitivity of MINOS+ to exclude regions of sin 2 θ 24 for ∆m 2 41 > 100 eV 2 as seen in Fig. 8 . For particular mixing angle values. The NC event contribution is also increased in the high mass squared splitting region where the expectation of an overall deficit o↵set in both samples serves as a mutual cross-check.
Search Improvement on Far/Near Ratio Method
Previous use of the Far/Near ratio method in MINOS and MINOS+ analyses su↵ered from known weakness in dealing with ND oscillations due to weak constraints placed on the overall behavior of the ND. The dual-detector fit method has been designed to maximally exploit the strengths of both detectors in order to have the greatest possible sensitvity to sterile neutrinos. Sensitivity contours plotted in Fig. 20 show the dramatic improvement that has been achieved in covering the region of high mass squared splitting by careful fitting of both ND and FD spectra simultaneously. The dual-detector method also provides a noticeable improvement on the Far/Near method where oscillations occur in the FD. This is due to 
Conclusion
MINOS extended their 90% C.L. exclusion limit over six orders of magnitude in ∆m 2 41 . Through close collaboration, Daya Bay and MINOS were able to use the CL s technique 37, 38 to combine their disappearance limits to extract equivalent appearance limits, assuming the 3 + 1 model. This result increases the tension between appearance and disappearance sterile neutrino searches for ∆m 2 41 < 1 eV 2 . These searches will be updated in the future. Daya Bay and MINOS have an agreement for a future combination, and MINOS+ has 50% more data to analyze.
